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??????????????????????????? m ∈ FBq ??????
??FBq ??? q???? Fq ?? B??????????????????n???
??????????????????????? n ?????????????
????????????????? m ???????????????????
??? m 7→ (c1, . . . , cn) ∈ (Fαq )n ??????????????????????
?? ci, i = 1, . . . , n?????????????????????????????




(1) n????????????? k ????????????????????
?????
? def.⇐⇒ ??? i1, . . . , ik ∈ {1, . . . , n} ????????? (ci1, . . . , cik ) 7→ m ?
???
? 1???? 2

















???????? Shamir??? (k, n)-????????????????????
??????????????? n ?????????????????????
??????????????????? (1)????
• ??? k − 1?????????????????????????????
??????
? def.⇐⇒??? i1, . . . , ik ?????H(m | ci1, . . . , cik−1) = H(m)?,





(3)????????????????Dimakis????? [n, k, d]-??????
?????????????????????????????????????
??????????????????????????????????????
?? α?????????????? kα?????????????[n, k, d]-??
???????????????????????j ??????????????
??????d (≤ n − 1) ??????????????????????????
????????? ci ???????? pi→ j ∈ Fβq ????ci 7→ pi→ j??????
?????????????????? d ??????????????????






min {α, (d − i)β} ≥ B,
????B ???????????????????????????????
?????? α ????????????????? dβ ?????? [n, k, d]-
??????? MSR (minimum-storage regenerating) ?????????????
????????????????????????? [n, k, d]-???????
MBR (minimum-bandwidth regenerating) ??????????? MSR/MBR ??












??????????????Γ ? (1) ??? (2) ??????????????
????????n???????????????????? {1, . . . , n}????
???????????????????????????? A ????????
???????????????????????????? B ?? Γ = (A,B)
?????????Γ-???????????????????????????
???????????????????????????????????????????????
????????????????? Γ???????????????? A ∈ A
???????? (t,m)-??????????????????t ????????









???????????? (1)??? (3)????????? Ω? Γ-??????
?????????????????????? Ω = (A, (B j)nj=1) ???????
Ω???? [n, k, d]-??????????? (1)??? (3)???????????
??A ???????????????????????????????B j ??
?????? j ??????????????????????????
Ω-????????????????? i ????????? ci ∈ Fαiq ???
? αi ∈ N ????????? j ??????????? pi→ j ∈ Fβi→jq ????
? 1???? 5
βi→ j ∈ N???????????????????????Ω-?????????
??????????????????????????? ρS ?????????




A ∈ A ???????? [ℓ, t, r] ??????????????????????
?t ???????????????B ∈ B j ??????[ℓ, t, r]-?????????
??????? j ?????????????r ????????????????
????????
??????????????????????????ρS ?????????




??????????????????? [ℓ, t, r]???????????????
???????????????? [ℓ, t, r]?????????Ω-MSR/MBR-map?
??????????Γ-?????????????[ℓ, t, r]-???????????











????????????????? 2 ????????? [n, k, d]-?????
??? (k, n)-??????????????? 3 ??????????????
?????????? Ω-?????????????????????????
?????????????????????????????????????












1. [n, k, d]-?????







?? 2.1 (????). Ω?????????Ω? σ-????A ???????A ?
?????? µ : A → [0, 1]????????????? 3?? (Ω,A, µ)????
?????
? 2???? 8
??????? (Ω,A, µ)? 1?????????????
?? 2.2 (????). X : Ω→ R?????????????X ? Ω???????
???
??? B ∈ B ?????
X−1(B) ∈ A, (2.1)
????B ???? R???????????????X ??? X(Ω)?????
??????????????????? X ????? µ(X−1(X)) = 1????X
???????????






, B ∈ B. (2.2)
?? 2.4 (??????). ?????? X ??????????????? pX : X →
[0, 1]? X ???????????
pX(x) = µ(X
−1({x})), x ∈ X. (2.3)





, x ∈ X. (2.4)
?? 2.5 (???????????????). ?????? X,Y ?????????
????? pX,Y : X ×Y → [0, 1]? X ? Y ???????????
pX,Y (x, y) := µ
−1 ({x}, {y}) , x ∈ X, y ∈ Y. (2.5)
????????????? pX |Y : X ×Y → [0, 1]? Y ?????????? X ?
???????????????
? 2???? 9




???X,Y, . . . ,??????????X ?????????
?? 2.6 (??????). ???? X ????????? pX ??????????




pX(x) log pX(x). (2.7)
?? 2.7 (??????????). ???? X,Y ???????????????
H(X | Y ) Y ?????????? X ??????????????????





pX,Y (x, y) log pX |Y (x | y). (2.8)
?? 2.8 ([3]). ??????? X,Y ????????????
H(X | Y ) ≤ H(X), (2.9)







???????? m ∈ Fq ????Fq ?????????????
? 2???? 10
2.2.1 (k, n)-DSS? (k, n)-SSS???
???? (k, n)-DSS??? (k, n)-????? (SSS; Secret Sharing Scheme)???
???
?? 2.10. ?? 2???????????????? (k, n)-DSS????
????????? ??????? F : Fq → (Fq)n???????? m ∈ Fq ??
?? n ?????? F(m) = (w1, . . . ,wn), wi ∈ Fq , i ∈ [n] ?????????
??????????? wi ???? i????????? i????????
? wi ??????????
???????????? ??????? DC ? n ???????????? k
????? i1, . . . , ik ??????????????????????????
DC???? G : (Fq) k → Fq ????????? mˆ = G(wi1, . . . ,wik ) ∈ Fq ?
?????
?? 2.11. (k, n)-DSS? [n, k, d]-DSS?????????
• B = 1, α = 1???
• ?????????????
????????
?? 2.12. (k, n)-DSS ?????????????????? (F,G) ? (k, n)-SSS
???????????
??? i1, . . . , ik ∈ [n]?????????????
H
(
m | wi1, . . . ,wik
)
= 0, (2.10)
????H(X | Y ) ? Y ?????????? X ????????????
???








• ?? (2.10)????? k ??????????????????? m ???
?????????????













? 2.1 (k, n)-????? (k = 3)
2.2.1.1 (k, n)-SSS????????????
?????Shamir ?????????(k, n)-SSS ??????????????
???
?? 2.14. ??? (k, n)-SSS????????
H(w j) ≥ H(m), j = 1, . . . , n. (2.12)
? 2???? 12
??????(k, n)-SSS????????? w j ?????????? m????
????????????????????
2.2.2 Shamir??? (k, n)-SSS?????(k, n)-??????
?????(k, n)-SSS????????????(k, n)-???????????
?????????
1. k − 1???? a1, . . . , ak−1 ????????????????
2. (k − 1)???? f (x)?????????
f (x) := m + a1x + a2x
2
+ · · · + ak−1x
k−1 (2.13)
3. ????? i ????????? wi ????????
wi = f (i) (2.14)
= s + a1i + a2i
2
+ · · · + ak−1i
k−1, i = 1, . . . , n. (2.15)
? 2.1. k = 3, n = 4,m = 5 ∈ F256 ?????????
???????? 1,2,3?
1. a1 = 1, a2 = 2?????????
2. ????? f ??
f (x) = 5 + x + 2x2. (2.16)
3. ?????? i ?????? wi ??????????
v1 = 5 + 1 × 1 + 2 × 1
2
= 8, (2.17)
v2 = 5 + 1 × 2 + 2 × 2
2
= 15, (2.18)
v3 = 5 + 1 × 3 + 2 × 3
2
= 26, (2.19)





1. ????? i1, . . . , ik ???????????????????????
?k ?????? m, a1, . . . , ak−1??


vi1 = m + i1a1 + i
2
1




vi2 = m + i2a1 + i
2
2





vik = m + ika1 + i
2
k











































? 2.2. k = 3, n = 4,m = 5 ∈ F256 ?????????




8 = m + a1 × 1 + a2 × 1
2,
15 = m + a1 × 2 + a2 × 2
2,
26 = m + a1 × 3 + a2 × 3
2
. (2.23)
???????s = m, a1 = 1, a2 = 2??????




???? Γ-DSS??? Γ-????? (SSS; Secret Sharing Scheme)??????
???????????? A1 ⊆ 2[n] ??????????????????
? (qualified set) ?????????????? A0 = 2[n] \ A1 ????????
(forbidden set)????A0,A1 ??????m ????????????????
m???????????????????????????????A0 ?A1 ?
?? Γ ?????????????????????? A = {i1, . . . , i|A|} ????
?????????????? wA := (wi1, . . . ,wi |A | )????
?? 2.16. ?? 2???????????????? Γ-DSS????
???????????? ?????????? F : Fq → ∏ni=1 Fαiq ?????
??? m ∈ Fq ???? n ?????? F(m) = (w1, . . . ,wn), wi ∈ Fαiq , i ∈ [n]
???????????????????? wi ???? i?????????
i ????????? wi ??????????
???????????? ??????? DC ? n ????????????
????? A ∈ A1 ??????????????????????????




q → Fq ????????? m = G(wA) ∈ Fq ?
?????
?? 2.17. Γ-DSS?????????????????? (F,G)? Γ-SSS????
??? A ∈ A1 ?????????????
H (m | wA) = 0, (2.24)
????H(X | Y )? Y ????????? X ???????????????
??? A ∈ A0 ?????????????
H (m | wA) = H(m). (2.25)
? 2???? 15
?????? Γ = (A0,A1) ????????? (monotonicity condition) ??
???
A ⊆ A′ and A ∈ A1 =⇒ A
′ ∈ A1, (2.26)
A
′ ⊆ A and A ∈ A0 =⇒ A






? 2.3. ????????? Γ = (A0,A1)??? Γ-SSS? (k, n)-SSS????
A1 =
{





A ∈ 2[n] : |A| ≤ k − 1
}
. (2.29)











≥ 1, i ∈ [n] (2.31)
????H(X)? X ???????????
2.2.4 ?????????????????? Γ-SSS????
??????? [14]?????????????? (multiple-assignment map)?
??????? (integer programming)???? Γ-SSS??????????




, . . . ,w
(t)
m
} ? Shamir ? (t, ℓ)-?????????????????????
?????????????? µΓ : [n] → 2W (t,m) ???????????
? 2???? 16
|µΓ(A)| ≥ t, A ∈ A1, (2.32)
|µΓ(A)| ≤ t − 1, A ∈ A0, (2.33)
µΓ([n])= W (t,m). (2.34)









??????? m ? Shamir ? (t, ℓ)-??????????? (n ≤ ℓ)?????
????? µΓ ?????????? F(m) = (µΓ(1), . . . , µΓ(n))????? m ??
?????
????????????
???? G ? Shamir ? (t, ℓ)-??????????????????????
??? DC ?????????????? A ∈ A1 ???????? m ????
???
1. DC????? i j ∈ A, j = 1, . . . , |A| ???
2. DC?????? i j ???? t ?? (t, ℓ)-?????????????














?? 2.20. ?????????????????????????? Γ ?????
???????????????????????????
2.3 [n, k, d]-????? [1]
?????(3) ?????????????????????????????
??????????? [n, k, d]-??????????? (DSS; Distributed Storage
System)??? [n, k, d]-??????????????????????????
???n ??????????? [n] := {1, . . . , n} ????????????
m ∈ FBq , B ∈ N???????????????????Fq ???? q ?????
???
?? 2.21. ?? 3???????????????? [n, k, d]-DSS????






m ∈ FBq ???? n?????? F(m) = (w1, . . . ,wn), wi ∈ Fαq , i ∈ [n]???
????????????????? wi ???? i????????? i??
??????? wi ??????????????α ∈ N ?????????
??????????????????
???????????? ??????? DC ? n ???????????? k
????? i1, . . . , ik ??????????????????????????
DC???? G : (Fαq ) k → FBq ????????? mˆ = G(wi1, . . . ,wik ) ∈ FBq ?
?????
????????? ????? i ?????????????????????
? i ?????????????? n − 1 ??????? [n] \ {i} ????
? d ????? i1, . . . , id ????????????????? i j, j = 1, . . . , d
? 2???? 18
??????????????? fi : Fαq → Fβq ?????????? vi,ij =








→ Fαq ????????? wˆi = gi(vi,i1, . . . , vi,id ) ∈ Fαq ??
???????????? dβ??????????????????wˆi , wi
?????????????? wˆi ??????? i ??? k ???????
????????????? i ??? d ??????????? j ∈ [n] \ {i}
??????????????????????
?? 2.22. [n, k, d]-DSS ???????? (F,G, ( fi, gi)ni=1) ? [n, k, d]-??????
???
?? 2.23. ???k ???????????????d(≤ n − 1) ????????
?????????????????????d < k ?????d ????????
????????????????????????????k ????????
???????????? d ????????????????????????
k ??????????????????????????????k ≤ d ????
2.3.1 ?????????????????????
Dimakis?? [n, k, d]-??????????????? α ????????? dβ
?????????????????????????????????????
?????????? Network Information Flow ?? [4] ???????????
?? [1]?
?? 2.24. [n, k, d]-?????????????? (α, dβ), B????????
k−1∑
i=0
min {α, (d − i)β} ≥ B. (2.36)
?????????????????????????????????? [5]?




?? 2.25 (MSR ?? MSR ??). [n, k, d]-??????????????? α ??
?????????????? dβ????????MSR???????????











?? 2.26 (MBR ?? MBR ??). [n, k, d]-??????????????????
dβ????????????? α????????MBR???????????




k(2d − k + 1)
,
2B




MSR ????? MBR ????????????????Rashami ????





???? PM?????MBR??????????????????β = 1, α =
d, B = k(2d − k + 1)/2?????????
?????????
? 2???? 20









∈ Fd×dq , (2.39)
????M1 ∈ Fk×kq , M2 ∈ Fk×(d−k)q ,O : (d − k)??????????????
? B????????????????
• M1 ??????? k(k + 1)/2????
• M2 ? k(d − k)????
2. ??? M ???????????????
















· · · γd−1
2
...




























M = ΨM (2.41)





m1 m2 m3 m7
m2 m4 m5 m8
m3 m5 m6 m9

































































m1 m2 m3 m7
m2 m4 m5 m8
m3 m5 m6 m9




1. ??? i1, . . . , ik ????????DC???? M ????????????


















M = ΨDCM = [ΦDC ∆DC]M (2.44)
= [ΦDCM1 + ∆DCM
⊤
2 ΦDCM2], (2.45)
????ΦDC ? Ψ? i1, . . . , ik ????? k ????
∆DC ? ΨDC ?? ΦDC ???? k × (d − k)???Ψ ??? 1. ???????
?????
? 2.5. (n, k, d) = (6, 3, 4), B = 9??????
? 2???? 22
??????????? 1?
????? 1, . . . , k ???????????????????????????








c11 c12 c13 c14
c21 c22 c23 c24





















m1 m2 m3 m7
m2 m4 m5 m8
m3 m5 m6 m9



































































mu f = ψ f . (2.49)
?????M ?????????Mµ f = (ψ⊤f M)⊤ = c f?
????? f ? i1, . . . , id ??????????? M ???????????


















? 2.6. (n, k, d) = (6, 3, 4), B = 9??????
??????? 1?
????? 1, . . . , d ?????? j ?????????? d = 4?????
c j = (c j1, . . . , c j4)????????????????p1, j, . . . , p4, j, γ1, . . . , γ4????





























































????????? i1, . . . , id ????????????????????????
???????
?? 2.27. ?????????? Vandermonde ??? Cauchy ????????




?? 2.28. ???? Vandermonde?? (2.40)?????????α ???? Fq ?
?????????γ1 = α, γ2 = α2, . . . , γn = αn ????????????????
??? Vandermonde????2???????????????????????
???? d ??????????? q ? αn(d−1) ∈ Fq ?????????????
?????
2.3.6 Repair-by-Transfer?





???????β = 1, α = d, M = k(2d − k + 1)/2, d = n − 1????
?????????
1. ??????? m = (m1, . . . ,mB)? (n(n − 1)/2, B)-MDS?????
m 7→ (c′
1
, . . . , c′
n(n−1)/2
) ∈ Fnq
2. ???n ??????????????? V ???????? 2 ????
G = (V, E)?E ?????????n(n − 1)/2 ????????? c′
k
k =




3. ????????? i ???????? ci ????????
ci = (c
′
(i, j) : ∃ j : (i, j) ∈ E) ∈ F
d
q (2.52)
????????????? i = 1, . . . , k ?????????????????
1. k ?????????? i = 1, . . . , k ? DC? ci ???
2. DC??? d × k = n − k ????????????
3. ???m ? (n, k)-MDS?????????????DC? m ?????
? 2???? 25
??????????????? j ?????? 1, 2, . . . , j − 1, j + 1, . . . , n − 1?
???????????
1. ????????? i ??pi→ j = c(i, j) ?????? j ???
2. ????? j ??
cˆ j = (c(i, j) : j = 1, . . . , j − 1, j + 1, . . . , n − 1) (2.53)
???????








???????? Ω??????????????????? Ω = (A, (B j)nj=1)
???????Ω ???? [n, k, d]-?????????????????????
??????????
• A ???????????????????????????
• B j ???????? j ∈ [n]??????????????????????
????
Ω-????????????????? i ????????? ci ∈ Fαiq ???
? αi ∈ N ????????? j ??????????? pi→ j ∈ Fβi→jq ????












, . . . , c′
ℓ
} ?????????? i = 1, . . . , n ???
????????????
? 3.1 n = 4, ℓ = 9, t = 3, r = 4??
????????????????????????????????????
???????????????? t ??????? [ℓ, t, r]??????????
???????? 3.6?
??????????????? r ?????? [ℓ, t, r]????????????
??????? 4.1,4.2?
Ω?????????????????????????????????A ∈ A
???????? [ℓ, t, r]???????????????????????i.e. t ?




? 3.2 n = 4, ℓ = 9, t = 3, r = 4??





?? 3.1 (??????). Ω = {A,B} ????????????????????
??? [ℓ, t, r]? n ≤ l ?? t ≤ r ≤ l − 1???????????????????
???????????? α???????????? β? [ℓ, t, r]-???????
?????????W [ℓ,t,r],(α,β) = {w[ℓ,t,r],(α,β)
1












 ≥ t, A ∈ A, (3.1)µ[ℓ,t,r],(α,β)
Ω
(B)




?? 3.2. Ω = {A,B} ??????????????????t˜ = minA∈A |A| , r˜ =













????? A ∈ A ?????|A| ≥ t˜ ????????? (3.1)?????????





? 3.3 ??????????????? (n = 4, ℓ = 9, t = 3)
(2)写像
でシンボルを各ノードに割り当て
? 3.4 ???????? 4???????
????????????????????????
• ρS ????????? ρR ?????????Ω-MSR-map???
???



















?????? 3.2.2????????????(α, β)??? ℓ f??? µ[ℓ,t,r]
Ω
, (α, β)?





3.1.1 Ω-DSS? Ω-???????? [2]
????? [n] = {1, . . . , n} ?? A ⊆ 2[n] ????????? DC ????? m
??????????????????? Bi ⊆ 2[n]\{i}, i ∈ [n] ??????? i ?
??????????????????????A,B1, . . . ,Bn ?????????
?????????A ?????????????B = (B1, . . . ,Bn) ??????
????????????????????? Ω = {A,B}????
??????????? Ω-DSS??? Ω-??????????.
?? 3.3. ?? 3???????????????? Ω-DSS????
???????????? ?????????? F : FMq → ∏ni=1 Fαiq ?????
??? m ∈ FMq ???? n?????? F(m) = (w1, . . . ,wn), wi ∈ Fαiq , i ∈ [n]
???????????????????? wi ???? i?????????
i ????????? wi ??????????????αi ∈ N????? i ?
???????????i ??????????
???????????? ??????? DC?????? A ∈ A ??????







q ????????? m = G(wA) ∈ FMq ??????
????????? ????? i??????????????????????
? i??????????????????? B ∈ Bi ???????????
????????????? i j, j = 1, . . . , |B|???????????????
fi : F
αij
q ×Bi → F
βi,ij
q ?????????? vBi,ij = fi(wij, B) ∈ F
βi,ij
q , j = 1, . . . , |B |
??????????????βi,ij ∈ N ???????????????






q × Bi → F
αi
q ????????? wˆi = gi(vBi,i1, . . . , vBi,i |B |, B) ∈ Fαiq
???????????wˆi , wi ?????????????? wˆi ????
??? i ∈ A ∈ A ??????????????? i ∈ B ∈ B j ??????
j ∈ [n] \ {i}??????????????????????
?? 3.4. Ω-DSS???????? (F,G, ( fi, gi)ni=1)? Ω-?????????
? 3?????????????????????? 32
? 3.1. [n, k, d]-???????????αi = α, βi,ij = β ????????????
?????? Ω = {A,B}????????????
A =
{





B ∈ 2[n]\{i} : |B| ≥ d
}
, for any i ∈ [n]. (3.5)
?????[n, k, d]-????????????????????????????
? (3.4),(3.5)?????k ≤ d ???
Bi ⊆ A, for any i ∈ [n] (3.6)




A ⊆ A′ and A ∈ A =⇒ A′ ∈ A, (3.7)
B ⊆ B′ and B ∈ Bi =⇒ B
′ ∈ Bi, for any i ∈ [n]. (3.8)
????? Γ-SSS??????? (2.26)???????????m??????









?? 3.5. ?????????????? Ω = {A,B}???????????
Bi ⊆ A, for any i ∈ [n]. (3.9)
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?? 3.6 (?????). Ω = {A,B}???????????
A ⊆ A′ and A ∈ A =⇒ A′ ∈ A, (3.10)
B ⊆ B′ and B ∈ Bi =⇒ B
′ ∈ Bi, for any i ∈ [n]. (3.11)
??????? [n, k, d]-??????????????????
?? 3.7. ??? (3.9),(3.10), (3.11) ?????Ω-?????????????
[n, k, d]-?????????????
3.1.2 Ω-??????????? Ω-MSR/MBR??
??????? Ω = {A,B} ???????????????????????
??????????????




































?? 3.10 (Ω-MSR/MBR ??). Ω = {A,B} ?????????????????
?????????????? ρS ??????????????????? ρR ?
? 3?????????????????????? 34
??????????? Ω-MSR????????
?????????????? ρR ???????????????? ρS ???
????????? Ω-MBR????????
3.2 ??????????????????????????





















???????m? [ℓ, t, r]-??????????? (n ≤ l, t ≤ r ≤ l−1)?????
????? µ[ℓ,t,r],(α,β)
Ω
?????????? F(m) = (µ[ℓ,t,r],(α,β)
Ω







???? G ? [ℓ, t, r]-????????????????????????? DC
?????????????? A ∈ A ???????? m ???????
1. DC????? i j ∈ A, j = 1, . . . , |A| ???
2. DC?????? i j ???? t ?? [ℓ, t, r]-?????????????
3. DC??t ??????? [ℓ, t, r]-?????????? G?? m ???
????????????????





?????????????? B ∈ Bi
???? xi ?????????????????????????????????
1. ????? i ?????????? i ? i j ∈ B???
2. i ?????? i j ???? t ?? [ℓ, t, r]-?????????????
3. i ??t ??????? [ℓ, t, r]-???????????? m ?????m ?
[ℓ, t, r]-??????????????? xi ??????????
<??????????????????????????? tα ?????[ℓ, t, r]-
????????????????????????????????????
? 3?????????????????????? 36




1. ????? i ?????????? i ? i j ∈ B, j = 1, . . . , |B | ???
2. i ?????? i j ?? 1??????????????????? r ????
??????
3. i??r ???????? [ℓ, t, r]-????????????????????1
???????????
4. ?????? xi ???????????????????
??????????? rβ × xi ????
?? 3.11. ????????????????????????????????
?????
?? ????????????????????????? (3.1) ???????
2.?????DC???? t ?????????????????????????
? m? [ℓ, t, r]-???????????????????? t ?????????m
????????????
?????????????????????????????????????






??????????????ρS ? ρR ???????????????????
??????????????????????





????????? Ω = {A,B} ??????xi = 0 ?????????????
??xi > r ?????r ???????????????????? r ?????
? 3?????????????????????? 37
??????????????????????????????????????
?????????? i???? r ??????????????????????
?????? xi ≤ r ??????????
3.2.2 Ω-MSR-map??/Ω-MBR-map????????





















?????????????????????????? ρSMSR-map, ρRMSR-map ????
? 3?????????????????????? 38




?? 3.16. Ω = {A,B} ??????????????????µ[ℓ,t,r],(α,β)
Ω
? Ω??
???????????????????? l, t, r, α, β???? µ[ℓ,t,r],(α,β)
Ω
????
????? Ω-MSR-map ??????????????[ℓ, t, r]-?????? MSR
?????????????




β = βMSR =
B






α = αMBR =
2rB
t(2r − t + 1)
, (3.17)
β = βMBR =
2B
t(2r − t + 1)
(3.18)
???????????













































 × r × M


























xi ≥ t, A ∈ A
−.
(3.23)
????αMSR = M/t ≥ 1????????????????? IPΩ,S(t)?????

















?????? IPΩ,S(t) ???????B ∈ Bi ???????? ∑ j∈B x j ≥ r ??
?????? (3.9)??? r = t ????????????????IPΩ,S(t)????
? 3?????????????????????? 40
? ∑ j∈B x j ≥ t ??????????????? IPΩ,S(t)????????????
??r > t ?????????∑ j∈B x j ≥ r ? IPΩ,S(t)??????????????
?? IPΩ,S(t) ????????????????Ω-MSR-map??????????
???????? IPΩ,S(t)? M/t ≥ 1???????? t ??????? T ????
????? t ∈ T ???? ρR(r)????????????????





????l∗ = l(t∗), r∗ = r(t∗), x∗ = argminx(t∗)∈X(t∗) r(t∗)?????Ω-MSR-map?
?????? Algorithm 1???????
Algorithm 1 Construciton of Ω-MSR-map codes











1: t ← 1
2: while B/t ≥ 1 do
3: solve IPΩ,S(t)
4: t ← t + 1
5: end while
6: calculate minu : B/u≥1 ρS(u)
7: calculate T by (3.25)
8: calculate t∗, l∗, r∗ and x∗ by (3.26)
9: calculate the multiple assignment map µ
[l∗,t∗,r∗]
Ω































 × r × 2B

























xi ≥ r, B ∈ B
−
i , i ∈ [n].
(3.30)
????2M/t(2r− t+1) ≥ 1????????????????? IPΩ(t, r)????
???????????????? x(t, r), X(t, r)???????? l(t, r) = ∑ni=1 xi
????
?? 3.18. MBR-map ??????????2B/t(2r − t + 1) ≥ 1 ????????









nt(2r − t + 1)
(3.32)
????? f (r)? 0 < r < 2(t − 1)??????????????r ≥ 2(t − 1)??
???????????????????? IPΩ(t, r)???? x(t, r)? ∑ni=1 xi ≥ r
???????
ρR(t, r) ≥ f (r) (3.33)
?????????? t ?????r ???????
f (r) = ρR(t, t) (3.34)
??? T(t) ?????r ????? t ≤ r ≤ T(t) ???????????????
???
??????




????l∗ = l(t∗, r∗), x∗ = x(t∗, r∗)?????MBR-map??????? Algorithm
2???????
? 3?????????????????????? 43
Algorithm 2 Construciton of Ω-MBR-map codes











1: t ← 1, r ← 1
2: while 2B/t(2r − t + 1) ≥ 1 do
3: r ← t
4: calculate T(t) by solving (3.34)
5: while r ≤ ⌈T(t)⌉ do
6: solve IPΩ(t, r)
7: calculate ρR(t, r)
8: r ← r + 1
9: end while
10: t ← t + 1
11: end while
12: calculate t∗, l∗, r∗ and x∗ by (3.35)
13: calculate the multiple assignment map µ
[l∗,t∗,r∗]
Ω










?? 3.19. Ω = {A,B} ?????????????????????Algorithm 2
??Ω-MBR-map?????????????????













???????????? 1 ???????????????? rβ × xi ???
????? i ??????????????? xi ???????????????
????? i ????????????????
???????????????????
1. ????? i ?????????? i ? i j ∈ B, j = 1, . . . , |B | ???
2. i ?????? i j ?? 1??????????????????? r ????
??????
3. i??r ???????? [ℓ, t, r]-?????????????????????
1???????????
? 4???????????? 45
4. ???i ????? i j ?? 2?????????????????? r − 1?
?????????
5. i ? (3) ?????? 1 ????????? 2 ??????????????
??????????
6. i ? (4) ????? r − 1 ???????? (5) ????????????
[ℓ, t, r]-?????????????????????2 ?????????
??
7. ?????? xi ???????????????????
??????????? rβ + (r − 1)β + · · · + (r − xi + 1)β = xi(2r + 1 − xi)β/2
??????????????? i ??????????????? xi ?????










? 4.2 ??? 4???????? (n = 4, ℓ = 9, r = 4)
?? 4.1. ?????????????????????????????????
???????????????
?? ?? 3.11???????????????? (3.1),(3.2)?????? ■
?? 4.2. ?????? µ[ℓ,t,r],(α,β)
Ω
?????????????????? ρS ??









(4)        を修復





(4)        を修復



















?? ?????????????????? i??????? xi ×α???????




?? 4.3. ???????????????????? (2)-(7) ????????



















4.2 tα? xi(2r + 1 − xi)β/2?????
????????????????????????????? tα??????
???????????? xi(2r +1− xi)β/2?????????? i???????




???????? t, r, α, β
?????????????????????
?? 4.4. 1. 8tα ≥ (2r + 1)2β ??????? xi (0 ≤ xi ≤ r)?????????
???
tα ≥
xi(2r + 1 − xi)β
2
. (4.3)




xi(2r + 1 − xi)β
2
, 0 ≤ xi ≤ θ,
tα <
xi(2r + 1 − xi)β
2
, θ < xi ≤ r,
(4.4)
????θ(≥ 0)??? xi ???? 2???????????????
βx2i − (2r + 1)βxi + 2tα = 0. (4.5)
?? f (xi) = tα − xi(2r + 1 − xi)β/2 ????xi ???? 2 ???? f (xi) = 0 ??
??? f (xi) ??????????????2 ???? (4.5) ?????????
g(xi) = β{x − (2r + 1)/2}
2 − (2r + 1)2β/4 + 2tα??????y = g(xi)??????
???? x ?? = r + 1/2 > 1??? g(0) = 2tα ≥ 0???θ ≥ 0???? ■
???MSR????????????????????????
?? 4.5. α = αMSR, β = βMSR ????????????




8tαMSR − (2r + 1)
2βMSR
=
8t(r − t + 1) − (2r + 1)2
t(r − t + 1)
× B. (4.7)
????1 ≤ t ≤ r ???t(r − t + 1) > 0???







+ 2(r + 1)2 − (2r + 1)2 (4.8)
≤ −2r2 + 1 < 0 (4.9)
????????????? (4.6)?????? ■
?? 4.6. MBR???????8tαMBR−(2r +1)2βMBR???? (t, r)???????
?????t = r = 1?????8tαMBR − (2r + 1)2βMBR < 0???????r = t = 2



















?? 4.8. Ω = {A,B}??????????????????µ[ℓ,t,r],(α,β)
Ω
? Ω???
??????????????????? l, t, r, α, β???? µ[ℓ,t,r],(α,β)
Ω
?????
???? Ω-MSR-map ??????????????[ℓ, t, r]-?????? MSR ?
????????????




β = βMSR =
B
t(r − t + 1)
(4.11)
???????????

















 ?????????? i ???????
? [ℓ, t, r]-???????????????????????ρS ????????
α = αMSR ??? [ℓ, t, r]-?????????????



























??????ρS ???????? ρR ???????? α = αMSR ?? β = βMSR
??? [ℓ, t, r]-??????????MSR?????????? ■
? 4???????????? 51





























I[θ < xi ≤ r]
+
xi(2r + 1 − xi)
2t(r − t + 1)
I[0 ≤ xi ≤ θ]
}
, (4.16)
????θ ? 2???? (4.5)???? α = αMSR, β = βMSR ??????????
??????????I[·] ???????????[·] ?????????? 1 ??
?????????? 0??????????????? (4.15)???t ?????












??? (α, β)???????????????????? 4.4???8tα ≥ (2r +1)2β
???? (α, β) ?? ρR ?? (4.2) ? β ??????????????????
???? 8tα ≥ (2r + 1)2β ???? (α, β) ????????????????





















xi(2r + 1 − xi)
t(2r − t + 1)
(4.19)
?????????????????????????????????




xi(2r + 1 − xi)









xi ≥ r, B ∈ Bi, i ∈ [n].
(4.21)
?????????????????????????? (Algorithm 3)?????
??αMBR = B/t(2r − t + 1) ≥ 1 ???????????????????? (t, r)
???? IPΩ,R(t, r) ????ρR(t, r) ???????? ρS(t, r) ???????? x˜
???????? (m˜, t˜, r˜)????????αMBR ≤ α˜ ?????????????
??????????????????? [m˜, t˜, r˜]-MBR??????????? m
???????
? 4???????????? 53
Algorithm 3 Construction of suboptimal Ω-MBR-map codes











1: t ← 1, r ← 1
2: while B/t(2r − t + 1) ≥ 1 do
3: r ← t
4: while B/t(2r − t + 1) ≥ 1 do
5: solve IPΩ,R(t, r)
6: r ← r + 1
7: end while
8: t ← t + 1
9: end while
10: calculate minu,v : B/u(2v−u+1)≥1 ρR(u, v)
11: calculate m˜, t˜, r˜ and x˜
12: calculate the multiple assignment map µ
[m˜, t˜,r˜]
Ω















?????Algorithm 1, 2, 3??? Ω-MSR-map??????????
? 5.1. n = 6, M = 100?????? Ω = {A,B}?????
A− = {{1, 2}, {1, 3}, {1, 4}, {1, 5},
{1, 6}, {2, 3}, {2, 4}, {2, 5}, {2, 6}, {3, 4, 5, 6}}, (5.1)












B−1 = {{2, 3, 4, 5, 6}}, (5.3)
B−2 = {{1, 3, 4, 5, 6}}, (5.4)
B−3 = {{1, 2, 4}, {1, 2, 5}, {1, 2, 6}}, (5.5)
B−4 = {{1, 2, 3}, {1, 2, 5}, {1, 2, 6}}, (5.6)
B−5 = {{1, 2, 3}, {1, 2, 4}, {1, 2, 6}}, (5.7)
B−6 = {{1, 2, 3}, {1, 2, 4}, {1, 2, 5}}. (5.8)






l∗ = 10, t∗ = 4, r∗ = 7, (5.9)
x∗1 = x
∗







6 = 1. (5.11)
?????Ω-MSR-map???????? [10, 4, 7]-MSR????????????
?????????????
µΩ(1) = {w1,w2,w3}, µΩ(2) = {w4,w5,w6}, (5.12)
µΩ(3) = {w7}, µΩ(4) = {w8}, (5.13)
µΩ(5) = {w9}, µΩ(6) = {w10}. (5.14)
????wi ? [10, 4, 7]-MSR ???????????????? θ, ??????
????????????????????θ ≈ 2.58, ρSMSR-map ≈ 41.67, ρRMSR-map =
62.50 ????????? 3.2 ???? [6, 2, 3]-MSR ?????????????
ρS = 50.00, ρR = 75.00???????????????????????θ ? 2?
??? (4.5) ?????M = 100, r = r∗, t = t∗, α = αMSR = M/t∗ = 25, β = βMSR =
M/t∗(r∗ − t∗ + 1) = 25/4???????????????????????














6 = 0. (5.17)
?????Ω-MBR-map??????? [3, 1, 1]-MBR?????? [3, 1, 2]-MBR?
???????????????????????????
µΩ(1) = {w1}, µΩ(2) = {w2}, µΩ(3) = {w3}, (5.18)
µΩ(4) = µΩ(5) = µΩ(6) = , (5.19)
????wi? [3, 1, 1]-MBR?????? [3, 1, 2]-MBR?????????????
???????????????????????????? ρSMBR-map = ρRMBR-map =
? 5????? 56
50????????? 3.2??????????? ρS = ρR = 60????????
???????????
? 5.2. ????? 5.1??????????Algorithm 1,2,3??? [ℓ, t, r]-MSR/MBR
?????????????????Ω-???????????????????
?? ρS ????????????? ρR ??????? 5.1????
?? ??????? ρS ???????? ρR
?????? w/ MSR?? 50.00 75.00
?????? w/ MSR?? 41.67 72.92
??????? w/ MSR?? 41.67 62.50
?????? w/ MBR?? 60.00 60.00
?????? w/ MBR?? 50.00 50.00
??????? w/ (α˜, β˜) 50.00 25.00
? 5.1 ??????
??????????? w/ (α˜, β˜) ? ρR ????????(α, β) = (α˜, β˜ = βMBR)






? 5.1? Ω = (A, (Bi)ni=)???? Ω-MSR-map???????[ℓ∗ = 6, t∗ = 2, r∗ =
3]-?????????????????
µΩ(1) = {w1,w2,w3}, µΩ(2) = {w4,w5,w6} (5.20)
?????????????????????????????????????




???? 5.1? Ω = (A, (Bi)ni=)???? Ω-MBR-map???????[ℓ∗ = 3, t∗ =
1, r∗ = 1or2]-?????????????????
µΩ(1) = {w1}, µΩ(2) = {w2}, µΩ(3) = {w3} (5.21)
????????????  ??????????????????? B ???













3 ??????? [n, k, d]-DSS ??????????????????????












• ????????????? Ω-????????? Ω-MBR-map?????
????
• [l, t, r]-????????????????????????????????
???????????????
???? 3.12?3.15 ???????????????? Ω ????? Ω-
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